Plastic 35 mm diameter culture dishes and multi-chambered slides (NUNC) were from Inter Med (Naperville, IL). Dulbecco's modifi ed Eagle's medium (DMEM) (GIBCO) was from Life Technologies (Grand Island, NY). Trypsin, trypsin inhibitor, transferrin, hydrocortisone, putrescine, insulin, polyornithine, selenium, gentamycin, 4,6-diamidino-2-phenylindole (DAPI), fl uorescein-conjugated secondary antibodies, paraformaldehyde, PQ, bovine serum albumin (BSA), and monoclonal anti-syntaxin clone HPC-1 syntaxin were from Sigma (St. Louis, MO). Monoclonal antibodies for pan-RXR (sc-774) and secondary antibody, goat anti-mouse IgG-HRP, and goat anti-rabbit IgG-HRP were from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA). Secondary antibodies, Cy2-conjugated-goat anti-mouse, and Cy5-conjugated-goat anti-rabbit were from Molecular Probes (Eugene, OR). Monoclonal Rho4D2 was a generous gift from Dr. R. Molday (University of South Columbia). DHA was from Nu-Chek (Elysian, MN). MitoTracker (CMXRos) was from Molecular Probes. Terminal deoxynucleotidyl transferase (TdT), recombinant, 5-bromo-2 ′ deoxyuridine 5 ′ -triphosphate (BrdUTP), and TdT buffer were from Molecular Probes and Invitrogen (Argentina), respectively . H 2 O 2 was from Merck (Argentina). 4-Bromoenol lactone (BEL) was from Santa Cruz Biotechnology, Inc. and generously provided by Dr. Gabriela Salvador (Universidad Nacional del Sur, Argentina). RXR noncommercial pan-agonists (HX630 and PA024) and panantagonists (HX531 and PA452) were generous gifts from Dr. Kagechika (Tokyo Medical and Dental University, Japan). All other reagents used were analytical grade.
Retinal cultures
Pure retinal cultures were obtained following procedures previously established ( 2, 3, 36 ) . Photoreceptors and amacrine neurons were the two major cell types present in the cultures and were identifi ed by their morphology using phase contrast microscopy and by immunocytochemistry, using the monoclonal antibodies syntaxin (HPC-1) and Rho4D2, which selectively react with amacrine and photoreceptor neurons, respectively (37) (38) (39) . Photoreceptors were identifi ed by at least three of the following criteria: 1 ) a small round cell body (3-5 m), usually darker than that of amacrine neurons; 2 ) a single neurite, usually ending in a conspicuous synaptic "spherule"; 3 ) they display sometimes a connecting cilium at the opposite end, but fail to develop their characteristic outer segments; 4 ) they are labeled by Rho4D2 antibody; and 5 ) they show opsin expression diffusely distributed over their cell body. Amacrine neurons are larger than photoreceptors (7-20 m) and have multiple neurites. Almost all amacrine neurons show HPC-1 immunoreactivity starting at early stages of development, and this immunoreactivity is retained even after undergoing degenerative changes that alter their morphological appearance ( 40 ) .
DHA supplementation
DHA (6.7 M), complexed with BSA was added at day 1 in vitro ( 2 ) . Cultures supplemented with the same volume and concentration of BSA were used as controls (BSA controls).
PQ treatment
PQ (48 M fi nal concentration in the incubation medium, in a calcium-and magnesium-free solution) was added to 3 day cultures ( 5 ). Neurons were then incubated for 24 h before fi xation.
H 2 O 2 treatment
Treatment of the cultures with H 2 O 2 was done essentially according to Chucair et al. ( 41 ) , with slight modifi cations. Briefl y, cells were treated at day 3 in culture with 10 M H 2 O 2 for 30 min at 36°C; the medium was then removed, replaced with fresh decreases the intracellular levels of proapoptotic lipid signals such as ceramide ( 16 ) . Activation of the ERK/MAPK pathway is also involved in the effects of peptidic trophic factors for photoreceptors, like FGF2 and ciliary neurotrophic factor ( 17, 18 ) . However, which upstream molecular mechanisms led to its activation by a fatty acid was an intriguing question. As a PUFA, DHA might modify the biophysical properties of neuronal membranes and thus indirectly induce the dimerization and subsequent activation of the tyrosine kinase (Trk)-like membrane receptors, which would in turn activate the ERK/MAPK pathway. Alternatively, DHA might have a direct effect as a receptor ligand; PUFAs, including DHA, are transcriptional regulators acting through multiple interactions with different nuclear receptors (19) (20) (21) and transcription factors (22) (23) (24) . DHA is an endogenous ligand for retinoid X receptors (RXRs) in mouse brain ( 19, 25 ) . These receptors are members of the steroid/thyroid receptor superfamily, and are believed to bind to DNA response elements only after the formation of either RXR:RXR homodimers or heterodimers with other members of this receptor family, including retinoic acid receptors ( 26 ) . RXR signaling is involved in nervous system development ( 27 ) and is essential for normal development ( 28 ) . DHA binding to RXRs to activate the ERK/MAPK pathway, among other survival/differentiation pathways, might provide an explanation for DHA pleiotropic effects.
Another pending question is whether DHA acts as a free fatty acid or is esterifi ed to phospholipids to carry out its biological functions . Although the retina, particularly the photoreceptors, is highly enriched in DHA-containing phospholipids ( 29 ) , the amount of unesterifi ed (free) DHA is negligible under basal conditions in the retina and brain (30) (31) (32) (33) (34) . However, DHA might be released from phospholipids by the activation of a specifi c phospholipase A 2 ( 35 ) .
In this work we investigated the mechanisms involved in DHA protection upstream ERK/MAPK in different experimental models of retinal degeneration in vitro, either induced by oxidative damage or by trophic factor deprivation during early development in vitro. Our results support that RXR activation is essential for DHA protection of photoreceptors and that its release and subsequent action as free DHA is required for this protection. In addition, our data suggest that activation of RXRs has an intrinsically neuroprotective effect, promoting photoreceptor survival independently of the agonist involved in their activation.
MATERIALS AND METHODS

Materials
One to two day old albino Wistar rats bred in our own colony were used in all the experiments. All procedures concerning animal use were carried out in strict accordance with the National Institutes of Health Guide for the Care and Use of Laboratory Animals and following the guidelines of the Institutional Committee for the Care of Laboratory Animals from the Universidad Nacional del Sur (Argentina).
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Western blot analysis
Proteins (20 g) dissolved in 4× Laemmli sample buffer were seeded in SDS polyacrylamide gels (10% acrylamide) and electrotransferred to PVDF membranes. After blocking with 5% nonfat milk in TBST buffer (50 mM Tris pH 7.2-7.4, 200 mM NaCl, 0.1% Tween-20), the membranes were incubated overnight with a pan-RXR antibody in TBST plus 3% nonfat milk. After washing, membranes were incubated with a horse radish peroxidaseconjugated secondary antibody in TBST plus 3% nonfat milk. Finally, the blots were developed by ECL with the use of Kodak BioMax Light fi lm and digitalized with a GS-700 imaging densitometer (Bio-Rad, Hercules, CA). ARPE-19 cells were used as a positive control for RXR expression.
Cell viability and apoptosis
Cell death was determined by quantifying cells labeled with propidium iodide (PI), 0.5 g/ml in culture, after 30 min incubation ( 51 ) .
Apoptosis was determined by two different methods: DAPI and terminal deoxynucleotidyl transferase dUTP nick end labeling ( TUNEL). Nuclei integrity was evaluated after staining cell nuclei with DAPI, a fl uorescent dye that binds to DNA. Briefl y, cells were permeated with Triton X-100, washed with PBS, and incubated with DAPI for 20 min. Cells were considered to be apoptotic when they showed either fragmented or condensed (pycnotic) nuclei, a characteristic feature of apoptotic cell death. The amount of apoptotic photoreceptors or amacrine cells was determined in cultures double-labeled with DAPI and with either Rho4D2 or HPC-1, to unambiguously identify cells as either photoreceptors or amacrine neurons, respectively, and thus establish the total number of each cell type. The percentage of apoptotic photoreceptors or amacrine neurons was calculated, taking into account the percentage of Rho4D2-labeled cells or HPC-1-labeled cells, respectively.
For TUNEL assay, the cells were fi xed at day 4 with 2% paraformaldehyde for 15 min and then stored in 70% ethanol for 48 h at Ϫ 20°C. Before labeling, cells were washed twice with PBS for 5 min each at room temperature. Samples were preincubated with TdT buffer for 15 min and then incubated with the TdT reaction mixture (0.05 mM BrdUTP, 0.3 U/ l TdT in TdT buffer) at 37°C in a humidifi ed atmosphere for 1 h. The reaction was stopped by 15 min incubation with stop buffer (300 mM NaCl, 30 mM sodium citrate, pH 7.4) at room temperature. Negative controls were prepared by omitting TdT. BrdU was detected with an anti-bromodeoxyuridine (anti-BrdU) monoclonal antibody, following a standard immunocytochemical technique.
Statistical analysis
The results represent the average of at least three separate experiments (± SD), unless specifi cally indicated, and each experiment was performed in triplicate. For cytochemical studies, 10 fi elds per sample were analyzed in each case. Statistical significance was determined by either Student's t -test or two-way ANOVA followed by a Tukey's test.
RESULTS
RXRs are expressed in photoreceptors
We fi rst investigated whether retinal neurons growing in culture expressed RXRs. Confocal microscopy analysis of 6 day retinal cultures showed that both photoreceptors and amacrine neurons expressed these receptors. Triple immunofl uorescence detection with a pan-RXR antibody neuronal medium, and the cultures were returned to the incubator for 5.5 h before fi xation.
Addition of HX531 and PA452
Cultures were treated with two different RXR pan-antagonists, HX531 and PA452 (42) (43) (44) , at different concentrations: 0.1, 1, and 10 M or 1 and 10 M, respectively. These antagonists were added to the cultures at day 1, and DHA or BSA was added 1 h later; the cultures were then either treated or not treated at day 3 with PQ and the cells were fi xed 24 h later. A 1 M concentration of each RXR pan-antagonist was used in further experiments, because a lower HX531 concentration showed little effect on apoptosis and higher HX531 and PA542 concentrations were toxic to neurons.
Addition of HX630 and PA024
Cultures were treated with either of two different RXR panagonists, HX630 and PA024 (44) (45) (46) , at different concentrations: 10, 100, and 1,000 nM or 1, 10, and 100 nM, respectively. Agonists were added at day 1 and cultures were then either treated or not treated at day 3 with H 2 O 2 ; 6 h later the cells were fi xed. A 100 nM HX630 and 10 nM PA024 concentration was used in further experiments, because these were the lowest concentrations with protective effects on photoreceptor apoptosis.
Addition of K252a
To evaluate whether DHA activated Trk receptors, cultures were treated at day 1 with the Trk receptor inhibitor K252a ( 47, 48 ) at different concentrations (200, 300, 400, 800, and 1,000 nM); cultures were supplemented with BSA or DHA 1 h later and were fi xed at day 6. As a positive control, we evaluated the inhibition of insulin activation of Trk receptors in amacrine neurons by treating cultures with K252a at 200, 300, and 400 nM at day 1; cultures were supplemented with insulin or vehicle 1 h later and cells were fi xed at day 6.
Addition of BEL
To determine whether DHA release from phospholipids by a calcium-independent phospholipase A 2 (iPLA 2 ) was required for DHA neuroprotective effect, we inhibited iPLA 2 with the suicide substrate BEL, an irreversible inhibitor of this enzyme ( 35, 49, 50 ) . Day 1 retinal neurons were supplemented with BSA or DHA for 24 h; culture medium was then replaced by fresh medium and at day 3 and cells were incubated with BEL (5 M) for 30 min and fi nally either treated or not treated with H 2 O 2 for 6 h.
Immunocytochemical methods
Cultures were fi xed for at least 1 h with 2% paraformaldehyde in PBS, followed by permeation with Triton X-100 (0.1%) for 15 min. After blocking with PBS (5% BSA), samples were incubated with the appropriate primary antibody prepared in PBS (3% BSA). After washing with PBS, the samples were incubated with secondary Cy2-conjugated-goat anti-mouse or Cy5-conjugated-goat antirabbit antibody. To evaluate mitochondrial function, cultures were incubated for 30 min before fi xing with the fl uorescent probe MitoTracker (0.1 g/ml). The samples were examined using a Leica TCS SP2 AOBS confocal laser microscope. Neuronal cell types were identifi ed with specifi c monoclonal antibodies as described above.
Cultures were analyzed by phase contrast and epifl uorescence microscopy using a Nikon Eclipse E600 microscope with a C-C phase contrast turret condenser and a Y-FL Epi-Fluorescence attachment and a laser scanning confocal microscope (Leica DMIRE2) with a 63× water objective; images were collected and processed with LCS software (Leica) and Photoshop 8.0 (Adobe Systems, San Jose, CA).
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Similar results were obtained when cultures were exposed to oxidative damage with H 2 O 2 . As previously demonstrated ( 41 ), H 2 O 2 increased photoreceptor apoptosis from about 30% in BSA controls (BSA) to about 50% in H 2 O 2 -treated cultures ( P < 0.05), and DHA prevented this increase ( Fig. 2C ). Pretreating cultures with RXR antagonists inhibited DHA protection, because the percentage of apoptotic photoreceptors after H 2 O 2 treatment was similar in DHAsupplemented and in DHA-lacking cultures ( Fig. 2C ) .
In the absence of trophic factors, photoreceptors develop normally for 3-4 days in culture and then start degenerating through an apoptotic pathway that is postponed by DHA ( 2, 4, 15 ) . To fi nd out whether the activation of RXRs was involved in this protective effect of DHA, cultures were pretreated with RXR antagonists and then either supplemented or not supplemented with DHA. As previously reported, in day 6 BSA controls (BSA) the percentage of TUNELpositive photoreceptors ( Fig. 2D ) amounted to 19 .4%, and DHA supplementation reduced it to about 9% ( P < 0.01) ( 15 ) . RXR antagonists blocked this reduction, increasing TUNEL-positive photoreceptors to about the same percentage found in DHA-lacking cultures ( Fig. 2D ).
These results demonstrate that activation of RXRs was essential for DHA rescue of photoreceptors subjected to oxidative stress and during development in vitro.
RXR agonists rescued cultured photoreceptors from apoptosis induced by oxidative stress
To evaluate whether activation of RXRs had a neuroprotective effect by itself, we treated the cultures with two RXR agonists, HX630 or PA024, before addition of H 2 O 2 .
that recognizes the three RXR isoforms ( Fig. 1A I in blue) , a photoreceptor marker (Rho4D2) ( Fig. 1A II in green) , and a mitochondrial marker ( Fig. 1A III in red) evidenced that in photoreceptors RXRs were localized in the nucleus ( Fig. 1A IV merge) . Instead, amacrine neurons labeled with the HPC-1 antibody ( Fig. 1A VII) showed mainly a cytoplasmic RXR expression and only a sparse nuclear distribution ( Fig. 1A I, VI) . Expression of RXRs in neuronal cultures was confi rmed by Western blot analysis ( Fig. 1B ) .
RXR antagonists blocked DHA protective effects on photoreceptor degeneration in vitro
We have established that DHA protects retina photoreceptors from apoptosis induced by oxidative stress or trophic factor deprivation. To investigate whether DHA exerted its protective effect through activation of RXRs, retinal neurons were either treated or not treated (control) with the RXR pan-antagonists, HX531 or PA452, prior to the addition of BSA or DHA, and then exposed to oxidative damage or cultured for 6 days without trophic factors (BSA control) or with DHA. As previously shown ( 5 ), generation of oxidative damage with PQ triggered apoptosis in retina neurons, increasing the number of TUNEL-positive cells ( Fig. 2A VI, VII ) and inducing a 2-fold increase in photoreceptor apoptosis compared with BSA controls (BSA) ( P < 0.001) ( Fig. 2B ) . DHA supplementation protected photoreceptors ( Fig. 2A VIII) ( 5, 15, 16 ) , reducing the percentage of photoreceptors with fragmented or pycnotic nuclei from 56% to nearly 35% ( P < 0.001) ( Fig. 2B ) . However, when cultures were pretreated with RXR antagonists, PA452 or HX531, before DHA addition, the number of TUNEL-positive cells ( Fig. 2A X, IX) and the percentage of apoptotic photoreceptors were similar to ( Fig. 3A VII , VIII, XI, XII; B, C), decreasing the percentage of PI-labeled photoreceptors and of photoreceptors with fragmented nuclei. PA024 was much more effective than HX630, because it had a similar protective effect at a 10-fold lower concentration.
These results support that activation of RXRs, either by well-established agonists or by DHA, has a protective effect on photoreceptors.
As previously reported, at day 3 in vitro only 20% of photoreceptors showed PI labeling ( Fig. 3A V, B ) , an indicator of cell death. Generation of oxidative damage with H 2 O 2 induced a 2-fold increase in PI labeling and increased the number of apoptotic photoreceptors from about 25% in control cultures to almost 50% in H 2 O 2 -treated cultures ( P < 0.05) ( Fig. 3C ) . In these cultures, photoreceptors had shrunken cell bodies, fragmented neurites, lost their characteristic morphology ( Fig. 3A II) , and showed fragmented or pycnotic nuclei (arrows in inhibited Trk receptors and imply that these receptors were not involved in DHA protection of photoreceptors.
An iPLA 2 -specifi c inhibitor blocked DHA protective effect on photoreceptor apoptosis induced by H 2 O 2 We then investigated whether DHA remains acylated to phospholipids to exert its protection or acts as a free fatty acid, either by being preserved as such in photoreceptor membranes or through its release from membrane phospholipids. To evaluate this, we blocked iPLA 2 , the main phospholipase involved in DHA release from phospholipids, with a specifi c inhibitor, BEL, before subjecting neuronal cultures to H 2 O 2 -oxidative stress. In the absence of BEL, DHA effectively prevented photoreceptor apoptosis induced by H 2 O 2 treatment, reducing the number of TUNEL-positive cells ( Fig. 5A VII ) and the percentage of apoptotic photoreceptors almost to BSA control values ( Fig. 5B ) . Addition of BEL completely inhibited this protection, leading to a marked increase in the amount of TUNEL-positive cells and doubling the percentage of photoreceptors with fragmented nuclei in spite of DHA presence ( P < 0.001) ( Fig. 5A VIII, B) . This suggests that DHA has to be released from membrane phospholipids to prevent photoreceptor apoptosis.
Trk receptors were not involved in the protective effect of DHA
To establish whether activation of Trk receptors was also involved in the protective effect of DHA during in vitro development of photoreceptors, we treated the cultures with a Trk receptor inhibitor, K252a, before DHA supplementation. Analysis of photoreceptor nuclear integrity after 6 days in culture showed a high percentage of apoptotic photoreceptors in BSA controls whereas DHA effectively decreased this percentage ( P < 0.001), preventing photoreceptor apoptosis ( Fig. 4A ) . Addition of K252a at different concentrations (200, 300, and 400 nM) did not impair the protective effect of DHA ( Fig. 4A ) ; higher K252a concentrations (800 nM) were toxic (not shown). As a control, we analyzed the effect of K252a on amacrine neurons, which depend on insulin signaling through a Trk receptor to activate the PI3K pathway and thus prevent apoptosis ( 40 ) . By day 6, the percentage of apoptotic amacrine cells in insulin-lacking cultures was about 78% ( Fig. 4B ) and was reduced to nearly 22% in insulin-supplemented cultures ( P < 0.05) ( Fig. 4B ) . Treatment with у 200 nM K252a signifi cantly increased ( P < 0.05) the percentage of apoptotic amacrine cells, regardless of the presence of insulin ( Fig. 4B ) . These results confi rm that K252a effectively and dynamic patterns of distribution in ocular tissues during development in vivo ( 52 ) . In mouse retina, one of RXR isoforms, RXR ␥ , is expressed in postmitotic cones and participates in regulating cone development ( 53 ) . The varying cellular localization of RXRs might correspond with different roles in amacrine and photoreceptor neurons.
We then investigated whether these nuclear receptors were involved in DHA protection of photoreceptors upstream of ERK/MAPK activation. Addition of RXR antagonists revealed that they completely blocked the protective effect of DHA from apoptosis induced with two different oxidants, PQ and H 2 O 2 . DHA also acts as a natural RXR agonist in other cell types. In a human placental choriocarcinoma cell line, BeWo cells for instance, RXR antagonists PA451 and HX531 inhibited DHA induction of adipose differentiation-related protein ( Adrp ) mRNA and ADRP protein accumulation ( 44 ) , suggesting that DHA activated RXRs to increase ADRP levels. We have previously demonstrated that DHA activates defense mechanisms to prevent apoptosis induced both by oxidative stress and the absence of trophic factors at early stages of development and turns on a program to advance differentiation of photoreceptors ( 54 ) . Our present fi ndings demonstrate that DHA requires the activation of RXRs to promote the survival of photoreceptors. The evidence that establishes DHA as a potent ligand for RXRs, which induces their robust activation ( 19, 25 ) , supports the hypothesis that DHA might directly bind and activate RXRs to promote photoreceptor survival. Alternatively, DHA-derived metabolites, such as neuroprotectin D1, which acts as an activator for peroxisome proliferatoractivated receptor ␥ ( 55 ), might also act as ligands for RXRs, activating downstream survival pathways in photoreceptors. Although further research is required to establish whether DHA directly activates RXRs, DHA signaling through RXRs appears to be central for its pleiotropic effects in these neurons.
An alternative or complementary pathway for DHA signaling might be its indirect activation of Trk receptors. GM1 ganglioside, a lipid molecule as well, has the potential to protect injured and aged central neurons, as some neurotrophins do, through modulation of Trk and Erk phosphorylation and activity in the brain (56) (57) (58) . However, in our studies DHA protection of photoreceptors was unaffected by selectively inhibiting Trk receptors, implying that Trk receptors were not involved in the antiapoptotic effect of DHA. As a whole, our results support that DHA promotes photoreceptor survival mainly through the activation of RXRs, which in turn might trigger the ERK/ MAPK signaling pathway leading to photoreceptor rescue. DHA signaling through RXRs appears to be pivotal for orchestrating survival mechanisms in photoreceptors.
Phospholipids are the main storage sites for PUFAs in mammals, and their release is tightly controlled by phospholipase A 2 ( 59 ) . To take part in RXR activation, DHA might remain as a free fatty acid in photoreceptor membranes or be stored in membrane phospholipids to be deacylated when required. DHA accumulation in membrane phospholipids, chiefl y phosphatidylserine, has been shown to be responsible for the protective effect of DHA
DISCUSSION
This work provides the fi rst evidence, to our knowledge, that activation of nuclear RXRs is essential for the protective effect of DHA, and supports that, by itself, the activation of RXRs, even by agonists other than DHA, has a protective effect on photoreceptors, preventing apoptosis due to induction of oxidative stress. Our results also demonstrate that DHA has to be released from membrane phospholipids to elicit photoreceptor survival.
Our previous work has established that DHA promotes the differentiation and the survival of retina photoreceptors both during development in vitro and upon oxidative damage (3) (4) (5) through the activation of the ERK/MAPK signaling pathway ( 15 ) . As DHA has been established as a natural ligand for RXRs ( 19 ) , we explored whether these nuclear receptors might be involved in DHA effects. Immunochemical and Western blot analyses of rat retina neuronal cultures revealed RXRs were expressed in photoreceptors and showed an almost exclusive nuclear localization. In contrast, RXRs were heavily concentrated in the cytoplasm in amacrine neurons and only as sparse aggregates in the nuclei. This is consistent with previous fi ndings in rodent and chick retinas, showing RXRs had specifi c taken up and esterifi ed in phospholipids to reach the concentration found in adult rat retinas, with minor amounts remaining as free DHA ( 2, 61 ) . The release of DHA, and thus the size of this free fatty acid pool, is tightly controlled, mainly by iPLA 2 ( 35 ) . Inhibiting iPLA 2 in retinal neurons supplemented with DHA before inducing oxidative damage in Neuro2A cells ( 60 ) . DHA is extraordinarily enriched in the retina; in rat retina it increases during development from about 5% to 25% of the fatty acids esterifi ed in phospholipids between postnatal days 2 to 30 ( 2 ) , and it is particularly concentrated in the outer segments of photoreceptors ( 29 ) . When added to neuronal cultures, DHA is effi ciently completely blocked the antiapoptotic effect of DHA on photoreceptors. This result suggests that DHA is stored in phospholipids and has to be released from them to trigger the mechanisms leading to photoreceptor protection. Ischemia and seizures elicit a rapid release of DHA in brain ( 31, 62 ) ; likewise, and as occurs with arachidonic acid ( 63 ) , oxidative damage might elicit the activation of iPLA 2 and its subsequent release of DHA, which would then lead to the activation of RXRs to promote photoreceptor survival.
However, DHA release might turn out to be a doubleedged sword. A massive release of DHA would have catastrophic consequences for retina integrity. DHA acts in a narrow window of concentrations in cultured retina neurons, and over 10 M is deleterious for photoreceptors ( 2 ) . DHA is peroxidized during neurodegenerative diseases of the retina and its products are toxic to neurons ( 64 ) , depleting cellular detoxifi cation systems. It is noteworthy that despite its sensitivity to peroxidation, DHA protects photoreceptors in culture from oxidative stressinduced apoptosis ( 5 ), supporting the relevance of a precisely regulated release. These data underscore the importance of an adequate chemical state and concentration of DHA when administrated in clinical trials of retina pathologies and suggests the convenience of using agents more stable than DHA which mimic its protective effect and reduce the deleterious effects of bioactive subproducts for therapeutical purposes. The requirement for RXR activation in DHA neuroprotection prompted us to investigate whether activation of these nuclear receptors might have an intrinsic protective effect for photoreceptors. Our results demonstrated that two synthetic RXR agonists effectively prevented photoreceptor apoptosis induced by oxidative stress. This implies that agonists other than DHA can turn on survival mechanisms in photoreceptors through activation of RXRs, involving these receptors for the fi rst time, to our knowledge, in photoreceptor in vitro neuroprotection. Given the differences in complexity between the in vitro system used here and the retina in vivo regarding cell differentiation, structural organization, and interactions between different cells and cell types, further research is required to fi nd out whether activation of RXRs has the same protective effect on photoreceptors in vivo. This fi nding would be of potential clinical signifi cance; diverse therapeutic protocols currently treat several diseases with RXR synthetic agonists (65) (66) (67) (68) , which have already been tested for their safety and might eventually be useful for treating retinal neurodegenerative diseases. In this context, the fi nding that PA024 had a more potent protective effect on photoreceptors than HX630 emphasizes the need to screen different synthetic agonists to select the most effective one.
In conclusion, our work suggests a novel pathway for DHA effects in photoreceptors, which involves its initial release from phospholipids upon cellular stress followed by its activation of RXRs to promote photoreceptor survival. In addition, the fi nding that protection of photoreceptors can also be achieved through activation of RXRs by synthetic ligands introduces versatility into the control of the by guest, on November 9, 2017 www.jlr.org Downloaded from
